We propose and investigate a conductivity microscope made possible by improving the eddy current method. The scanning eddy current method using a small probe with a small gap between the probe and sample surface was tried; it could make a map distinguishing fine regions with different electrical conductivity related to electron-defect scattering. A copper-aluminum cold-pressure-welded junction specimen was selected, because it is considered to be a good conductor of electrons and is a commonly used interconnection for large-scale integrated circuits. At the bimetallic joint interface, two stages of 300-nm-thick and 600-nm-thick poor-conductivity layers were detected. These poor-conductivity layers of aluminum are considered to include numerous defects and dislocations that were produced by large plastic flow during the welding process. This conductivity microscope can image a terrace layer of about 3.5 µm in width at the welded interface after the layer is annealed for one hour at 470 K, which is comparable to that in the case of scanning electron microscope. The electrical resistivity of this layer was indicated to be lower than that of the aluminum bulk by the estimation of the electrical resistivity. The layer is considered to be an α-copper solid solution one. This instrument is available to detect defects and solid solution.
Introduction
The invention of the scanning probe microscope has enabled the profiling of various specimens such as metal surfaces, semiconductor surfaces, and magnetic materials. 1, 2) We had developed a scanning tunneling electron microscope equipped with a small solenoid coil. It could detect the change of the electric conductivity of a gold film due to phonon vibration.
3) Another scanning probe microscope equipped with a small coil developed by Wulfhekel and Kirschner 4) could image the Bloch walls of the polycrystalline cobalt (0001) using the magneto tunnel effect. Here, we propose and investigate a conductivity microscope, the development of which was made possible by improving the eddy current method, which is a nondestructive testing method. It will plot a map distinguishing regions with different electrical conductivity related to electron-defect scattering.
A copper-aluminum cold-pressure-welded junction specimen was selected, because it is a good conductor of electrons and is a commonly observed interconnection for large-scale integrated circuits. 5) We predict the joint includes numerous defects due to the large plastic flow near the joint interface during the welding process. These defects will increase the electrical resistivity at the joint interface. Inter-metallic phases formed in the bimetallic joint also have higher electrical resistivity, such as 14.2 × 10 −8 m for γ phase (electron compound of Cu 2 Al or Cu 9 Al 4 ) and 11. 4 electrical resistivity is expected to be different from that of the copper bulk. A small probe was applied in order to distinguish nanoscale regions with different electrical resistivity at the joint interface. It would enable detection of principal scattering anisotropy of conduction electrons against a solid solution, ordered alloy, disordered alloy and intermetallic compounds in a nano-scale area.
Experimental Procedure

Copper-aluminum bimetallic joint
The joint specimens were prepared by cold-pressure welding of the 4-mm-diameter copper and aluminum rods. A sample was removed from a specimen parallel to the axial direction near the center. The sample was a sheet 0.5 mm in thickness. The sheet was polished with aluminum powder with grains 0.3 µm in diameter. The roughness of the polished surface was estimated to be about R max = 0.1 µm or less (based on the SEM (scanning electron microscope) observation). Figure 1 shows the conductivity microscope developed by us; it is the microscope previously used in the study of Ref. 3) . It is devoid of a cooling device and we cannot exchange an iron needle core by separating it from the coil. A polycrystalline iron needle 0.3 mm in diameter composed of a wound copper wire 32 µm in diameter with 70 turns as a small solenoid coil of 2.8 mm long was sharpened mechanically to observe the conductivity change in a nano-scale area. This iron needle was fixed to a piezoelectric drive system for precise nano-scale movement as shown in Fig. 1 . The iron needle tip was rounded in order to apply a strong magnetic field. The piezoelectric tube fixed on the Z-stage has four electrodes for X-, Y-axis movements. The sample holder made by an insulator plate of 0.2 mm thick is fixed on the X-stage. The raster scanning length on the X-axis was calibrated using a precise micrometer.
Experimental instruments
9) Figure 2 shows a measurement circuit called a sigma tester, which is used for nondestructive testing.
10) It differs from the measurement circuit in Ref.
3) as it contains a differential amplifier and a noise filter. Two iron needle cores are used for both the probe coil and the control coil. A variable capacitor and a variable resistor were adjusted in order to maintain the balance of output signals from them. A potentiometer was used as a tap in order to reduce the common-mode noise from them. The instruments and the measurement circuit were shielded from electromagnetic waves by a metal foil as shown by a dot-dash line in Fig. 2 .
Sinusoidal waves at the frequencies of 1 to 10 kHz near the resonant frequency for the probe coil circuit were applied, with an electric current of 1 mA. The magnetic field was about 40 A/m, as calculated from the magnetic field of the finite-length solenoid theory. This value was not sufficient to saturate the iron needle core with the magnetic flux. The magnetic flux at the apex of the iron needle core was estimated to be about 0.05 T. The distance between the apex of the iron needle core and the sample surface was adjusted within 100 nm by retracting the Z-stage using the change of the output signal when the probe was in contact with the sample surface. The difference of the output signal was that some signals at high frequencies from the probe coil could not be observed.
Calculation of electrical resistivity
The mutual inductance, M, of the probe coil is calculated from the next equation,
where C C and R C are the capacitance and resistance in the control circuit in Fig. 2 after tuning them to the probe coil circuit at the beginning of the mutual inductance measurement. ∆C C and ∆R C are the differences of the variable capacitor and the variable resistor, respectively, at the end of the measurement. R P is the total resistance of the probe coil and the protective resistor in the probe coil circuit. L C is the inductance of the control coil and is 3.4 × 10 −4 H. In order to investigate the characteristics of the probe, copper, tin, lead and titanium bulk as pure as could be obtained easily were used in the measurement of M. V SP and V SC are the signal voltages from the probe coil signal and from the control coil, respectively. The output signal voltage, V SP -V SC , from the differential amplifier is tuned by changing ∆C C based on eq.
(1).
The electrical resistivity, ρ, of the aluminum bulk can be estimated from the probe characteristics of M. The relationship between M and V SP -V SC is considered to be almost linear, because the value of ∆C C is much smaller than that of C C in this measurement circuit. The values of ρ at 293 K for the aluminum bulk mentioned in the next section were calculated using the straight line between the point (log 1. The conductivity maps of the copper-aluminum joint interface plotted by this method were compared with SEM images. The values of the electrical resistivity against the interface layers were discussed. The resolution of the maps and the penetration depth of the magnetic flux are estimated in Section 4. Figure 3 shows a conductivity map of the copperaluminum cold-pressure-welded joint interface. V SP -V SC on the Z-axis is the voltage of the output signal from the dif- ferential amplifier. Data were obtained every 21.5 nm on the X-axis and every 107 nm on the Y-axis, corresponding to the resolution of the probe. The variable capacitor and the resistor in the control circuit were tuned to the probe circuit at the beginning of mapping. The conductivity mapping measurement was carried out with the tip apex within 100 nm of the sample surface. In the case of non-interaction with the probe coil, the output voltage, V SP -V SC , is 4.2 × 10 mV. The voltage against the copper bulk is 3.98 to 4.00 × 10 mV up to 500 nm on the X-axis. The range of the change in voltage is small. This suggests that the copper bulk was slightly deformed at the bonded interface, and that few defects were produced in the copper bulk near the interface during the welding process. In the region from 500 to 800 nm on the X-axis, another conductivity layer exists. The output voltage is about 4.06 × 10 mV. This output voltage corresponds to ρ = 4.5 × 10 −8 m according to the probe characteristic. Compared with the data of pure aluminum, it is larger than 2.71 × 10 −8 m at 293 K calculated based on the data. 7) The layer is considered to be of aluminum bulk, since the output voltage in the case of the probe on the aluminum bulk is 4.10 × 10 mV. The difference of the output voltage from that of the aluminum bulk, due to the interaction between the probe and copper bulk, indicates the resolution of the method.
Results
Conductivity map and SEM image of bimetallic joint interface
In the next region from 800 to 1400 nm, the layer with poorest-conductivity is detected. The voltage of the output signal is about 4.16 × 10 mV. This value corresponds to 16 × 10 −8 m. It is close to the non-interaction value. This indicates that numerous defects are produced by large plastic flow during the welding process. In the region from 1400 nm to 1800 nm, poor conductivity areas are partially observed. Far from 1800 nm, the aluminum bulk conductivity area is observed. The value of the output voltage is 4.10 × 10 mV. It corresponds to 7.2 × 10 −8 m. This indicates that the electrical resistivity at the aluminum bulk surface is larger than the calculated one of pure aluminum. The difference of ρ from that of the pure aluminum is due to the grain size and purity of the aluminum bulk material. Figure 4 shows the SEM image of the sample mentioned above. A dark layer in the aluminum adjacent to the copper is observed at the center of the figure. This is related to its density being lower than that of the aluminum bulk. This layer is considered to include numerous defects. The thickness Fig. 4 SEM image of the same sample as that shown in Fig. 3 at almost the same location. The left-hand side of the figure shows the copper bulk, and the right-hand side, which appears dark gray, shows the aluminum bulk. is about 1 µm, which is wider than the poorest-conductivity layer determined by the eddy current method. The thin gray layer between this layer and copper is observed to be aluminum adhering to copper. The convex curve of the copper interface in the figure indicates that the deformation of the copper rod is markedly less than that of the aluminum rod. The thickness of this layer is 200 nm at maximum, so it is considered that this layer has a poorer conductivity than the copper bulk layer, as detected by the eddy current method. Figure 5 shows the V SP -V SC image that represents the conductivity map of the sample in Fig. 3 after annealing for one hour at 470 K in ambient air. These data were obtained every 500 nm on the X-axis and every 107 nm on the Y-axis. V SP -V SC is 2.55 × 5 mV when the iron probe is over the copper bulk. The difference of the values of V SP -V SC from those in Fig. 3 is due to the adjustment of the measurement circuit. In the middle of the figure, a terrace of voltage 2.65 × 5 mV, 3.5 µm wide is detected. It corresponds to 3.0×10 −8 m. According to the large electrical resistivity data of the intermetallic compound between aluminum and copper, 6) an intermetallic compound layer did not grow at the interface, although we expect that the intermetallic compound grows at the interface during annealing. Although the value is almost the same as that of the pure aluminum bulk at 293 K, we consider that this layer is not of pure aluminum but is the solid solution of aluminum in copper. One reason is that the copper bulk can solve aluminum at the rate of up to about 20 at%. The other reason is that the electrical resistivity of the copper solid solution is able to become larger than those of the copper bulk and the aluminum bulk. On the right-hand side in the figure, V SP -V SC is 2.7 × 5 mV. It corresponds to 4.0 × 10 −8 m. It is smaller than 2.8 × 5 mV of the aluminum bulk without annealing, so the aluminum grain size is considered to become larger than that before annealing. The value of 2.8 × 5 mV in this measurement corresponds to 7.8 × 10 −8 m. It is identified with the value in Fig. 3 . Figure 6 shows the SEM image of the same sample as mentioned above. In the middle of it, a layer of about 3.5 µm in width is observed. The contrast of the layer is different from that of the copper bulk. A slightly charged oxide film as shown in Fig. 6 covers the layer owing to the annealing in ambient air. It is of the same width as the layer detected by the eddy current method in spite of presence of the oxide film. On its left, several striped lines in copper bulk are observed, but the conductivity change from that of the copper bulk could not be detected clearly by the eddy current method. On the right-hand side in the figure, the rough surface of the aluminum bulk is observed. In spite of this rough surface morphology, the conductivity is higher than that before annealing according to the conductivity map by the eddy current method. These observation results are considered to concur with the difference of the solid solubility. The aluminum bulk cannot dissolve even a small amount of copper. On the other hand, the copper bulk dissolves aluminum up to about 20 at%. The aluminum atoms diffuse into the copper bulk, thus the aluminum bulk surface near the interface becomes rough. Figure 7 shows a schematic illustration of electromagnetic induction voltage, V e applied by the iron needle magnet of about 0.05 T. The distance, z between the magnet and the sample surface was within 100 nm. The radius of a circular current consisting of an eddy current is a. The magnetic dipole moment of the iron needle apex is represented as P m .
Conductivity map and SEM image after annealing
Discussion
Resolution and penetration depth
The magnetic flux, Φ, which passes through the ring of radius a is expressed as
The eddy current is induced when the magnetic dipole moment changes, in the case that the distance z is assumed to be constant at any time. The electromagnetic induction voltage is expressed as
V e increases in proportion to a 2 under the condition of a z . The maximum value of V e is taken at the point of a = √ 2z . The radius of the main circular current is estimated to be 140 nm in the case of z = 100 nm. In the case of a √ 2z , V e decreases in inverse proportion to a. According to the shield effect of a magnetic field by the eddy current, V e approaches zero much faster with the increase of a. The resolution yields the distance between the iron needle apex and the sample surface.
Penetration depth can be estimated from the Maxwell equation. The radius of a circular current is assumed to be a 0 , where a primary circular current was induced. The magnetic flux density on the surface at the point a 0 in Fig. 8 is assumed to be B 0 , which is parallel to the sample surface. The length from the surface to the location where B 0 decays into B 0 /e as the penetration length, δ, is calculated using
In the case of copper bulk, the electrical resistivity, ρ, is assumed to be equal to 1.7 × 10 −8 m, the frequency of the magnetic field, f , is 1 kHz, and a value of 4π × 10 −7 is used as magnetic permeability in the copper bulk, µ. The calculation result of δ is about 2 mm. The sample holder in Fig. 1 fabricated from a bakelite plate 2 mm in thickness was appropriate for the measurements. Using the scarf copper-aluminum cold-pressure-welded joint, the penetration depth was investigated. The eddy current probe could detect the change of the material at the depth of 5 µm. This probe could not pick up the signal under the surface due to the gap between the probe and the sample surface.
Conclusions
This eddy current method yields a good conductivity map with 140 nm resolution if the gap between the probe tip and the sample is as small as 100 nm. At the copper and aluminum cold-pressure-welded interface, two stages of 300-nm-thick and 600-nm-thick poor-conductivity layers were detected. It is considered that numerous defects in the aluminum rod were produced due to the large plastic flow during the welding process.
This conductivity microscope could image a terrace layer of about 3.5 µm in width at the welded interface after annealing it for one hour at 470 K comparable to the image yielded a scanning electron microscope. The electrical resistivity of this layer was indicated to be lower than that of the aluminum bulk according to the estimation of the electrical resistivity. We considered this layer to be made up of the copper solid solution of aluminum. This instrument is available to detect defects and solid solutions.
